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Nucleotide excision repair proteins are classically associated with DNA repair. However, a study by Fong
et al. (2011) in the most recent issue of Cell demonstrates that the XPC/RAD23B/CETN2 nucleotide excision
repair complex additionally functions as a transcriptional coactivator of Oct4/Sox2, critically regulating
maintenance and reestablishment of stem cell pluripotency.Embryonic stem cells (ESCs) have the
intrinsic capacity of self-renewal, a neces-
sary feature of their pluripotent state. This
remarkable ability is controlled by a
transcriptional network that depends on
the expression of the ‘‘core’’ pluripotent
genes Oct4, Sox2, and Nanog. This net-
work orchestrates complex gene expres-
sion programs that give ESCs the unique
ability to maintain their pluripotency and
their responsiveness to developmental
programs that lead to all the cell line-
ages in the adult organism. However,
the specific molecular determinants in-
volved in the maintenance of pluripotency
and self-renewal are not yet fully under-
stood. Fong and colleagues developed
an elegant unbiased biochemical-based
approach to identify the factor or factors
required for efficient transcription of
pluripotent genes (Fong et al., 2011).
OCT4 and SOX2 are transcriptional
activators that function as a heterodimer
complex recognizing specific DNA cis-
acting elements within pluripotent genes
such as Nanog (Kuroda et al., 2005;
Rodda et al., 2005). Fong and colleagues
developed a Nanog-promoter reporter
construct harboring four DNA binding
sites recognized by the OCT4/SOX2
heterodimer, using it as a template in an
in vitro transcription assay reconstituted
with purified recombinant RNA poly-
merase II, basal transcription factors,
andOCT4/SOX2. Under these conditions,
the authors detected a very weak and
inefficient transcription of Nanog. This
prompted them to go on hunting for a
specific pluripotent stem cell cofactor or
cofactors by complementing this in vitro
transcription assay with biochemically
fractionated protein extracts derived
from a human embryonic carcinoma cell
line (NT2) sharing a similar expression
profile with bona fide human ESC lines.The authors found a high-salt fraction
derived from phosphocellulose chroma-
tography (P1M) able to drive efficient
NANOG transcription in an OCT4/SOX2-
dependent manner. Importantly, they
were able to confirm the activity of this
complex in a P1M fraction derived from
the human ESC line, D3. Further chro-
matographic analyses followed by high-
sensitivity mass spectrometry allowed
Fong and colleagues to identify a multi-
subunit stem cell coactivator complex
composed of the nucleotide excision
repair (NER) proteins XPC, RAD23B,
and CETN2. This comes as a surprising
finding that adds an unprecedented role
to this complex. XPC plays a critical role
in the early steps of NER, the main
pathway responsible for repairing UV-
induced lesions, such as bulky adducts
and pyrimidine dimers (Hoeijmakers,
2001). However, a role for such a complex
in ESC pluripotency has not been de-
scribed previously. To address the func-
tional specificity of this complex in main-
taining the pluripotent state of ESCs,
Fong and colleagues supplemented their
Nanog-based in vitro transcription assay
with P1M fractions from HeLa cells or
retinoic acid-induced differentiated D3
cells. The authors found a significant
decrease in the OCT4/SOX2-dependent
transcription of Nanog due to an overall
downregulation of XPC and RAD23B
in the P1M fraction obtained from these
differentiated cells. This finding suggests
that NER factors are tightly associated
with pluripotent gene expression, a
function that is lost upon cellular differen-
tiation. As biochemists at their finest,
Fong and colleagues were able to suc-
cessfully reconstitute their Nanog-based
in vitro transcription assay with purified
recombinant XPC, RAD23B, and CETN2
proteins.Cell Stem CellAdditionally, this system permitted the
authors to analyze the role of DNA repair
intrinsic to the XPC trimeric complex by
mutating the XPC domain that recognizes
damaged DNA. Remarkably, a mutant
XPC defective in DNA repair—along with
RAD23B and CETN2—was as capable
as the wild-type XPC of coactivating tran-
scription of Nanog. Additionally, because
XPC is known to interact with the basal
transcription factor TFIIH as part of a
transcription-repair coupled complex
(Schaeffer et al., 1993; Drapkin et al.,
1994), the authors created a truncated
XPC recombinant protein unable to
interact with TFIIH and yet found in vitro
transcription of Nanog by OCT4/SOX2
to be equally effective. These findings
advance the idea that XPC could function
as a transcriptional coactivator indepen-
dently of DNA repair, which raises inter-
esting questions about its mechanism of
action. First, why would cells evolve to
divert NER factors for transcription in a
manner that is completely independent
of their DNA repair function? In this
context, although the authors did analyze
an XPC mutant devoid of DNA repair
activity, they did not challenge the system
with genotoxic stress, a point that will be
discussed below. Second, how specific
is this coactivation function with regards
to pluripotent genes? Previous studies
have shown that several NER factors—
including XPC—are involved in transcrip-
tion of nuclear receptor genes (Le May
et al., 2010); therefore, how this particular
trimeric complex is specifically targeted
to pluripotent genes remains a topic for
future research.
In order to prove that such a complex
plays a physiological role in pluripotency,
the authors first demonstrate using chro-
matin immunoprecipitation (ChIP) that
RAD23B directly binds to the Nanog and9, October 7, 2011 ª2011 Elsevier Inc. 285
Figure 1. Transcription of Pluripotent Genes Requires the XPC
Coactivator Complex, Which Is Necessary for the Maintenance and
Reestablishment of Pluripotency
Left: Coactivation of OCT4/SOX2-dependent transcription by the nucleotide
excision repair complex composed of XPC, RAD23B, and CETN2 leads to
maintenance of pluripotency and self-renewal along with efficient reprogram-
ming capacity, possibly in the context of other known coactivators. Right:
Increased differentiation, decreased pluripotency, and inefficient reprogram-
ming as a result of weak transcription of Nanog and Oct4 due to absent coac-
tivation by the XPC complex.
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PreviewsOct4 promoters. Further-
more, genome-wide ChIP-
Seq analysis demonstrated
that 70% of the genes bound
by RAD23B were overlapping
with OCT4/SOX2 binding.
Fong et al. then utilized RNAi
to target all the subunits of
this trimeric complex in D3
cells. Notably, lack of all the
subunits considerably dimin-
ished Nanog expression, in
turn reducing self-renewal
while promoting differentia-
tion and apoptosis in D3
cells. Most importantly, de-
spite lower levels of expres-
sion of the XPC trimeric
complex in mouse embryonic
fibroblasts (MEFs), knocking
down either XPC or RAD23Bresulted in a dramatic reduction of reprog-
ramming into induced pluripotent stem
cells (iPSCs). These results bring up the
intriguing possibility that different levels
of expression of the XPC trimeric complex
in various somatic cells could provide
a potential explanation behind the differ-
ential efficiency of iPSC establishment
when using somatic cells from diverse
tissues (Polo et al., 2010).
Ultimately, Fong and coworkers
demonstrated that the maintenance and
reestablishment of ESC-specific gene
expression programs are likely to require
the activity of the XPC trimeric complex
to stimulate OCT4/SOX2-mediated tran-
scription (Figure 1). Various coactivators
(such as p300, mediator, cohesion-
loading factor Nipbl, and Paf1) were previ-
ously found to enhance transcription of
pluripotent genes (Young, 2011). The
addition of XPC to this list adds yet an-
other layer of complexity while it serves
as a new putative target to improve
nuclear reprogramming efficiency.
Even though these studies suggest
that neither the DNA repair nor TFIIH
binding capacity of XPC is required for
coactivating OCT4/SOX2-mediated tran-
scription of Nanog, it might be important
to reanalyze these experiments under
conditions of DNA damage. One of the
most intriguing and remarkable features
of ESCs is their robust capacity to
repair DNA. Therefore, it is reasonable
to envision transcription in ESCs to be
under constant surveillance by a coacti-
vator that has the intrinsic capability of286 Cell Stem Cell 9, October 7, 2011 ª2011repairing DNA, particularly at genes
whose expression is essential for main-
taining self-renewal and pluripotency.
Thus, the discovery of an unprecedented
coactivator of pluripotent genes in ESCs
whose mode of action might include
repairing DNA while enhancing tran-
scription seems an attractive possibility.
Indeed, transcription-coupled DNA repair
is not a new concept, and has been exten-
sively studied since its discovery by the
Egly and Reinberg groups (Schaeffer
et al., 1993; Drapkin et al., 1994). Tran-
scription-coupled DNA repair depends
on the binding of the XPC complex to
the basal transcription factor TFIIH. In
this context, challenging OCT4/SOX2-
dependent transcription with DNA dam-
aging agents might alter the ability of
XPC mutants defective in DNA repair
and/or binding to TFIIH to activate tran-
scription of pluripotent genes. In other
words, under conditions of stress, the
XPC trimeric complex could contribute
to maintaining pluripotency in ESCs by
exerting a dual role in transcriptional co-
activation and DNA repair, a tantalizing
possibility worthy of future research.
Along with XPC, other components
of the NER machinery, such as XPA,
XPG, XPF, and RPA, were found at the
promoters of nuclear receptor genes
in vivo (Le May et al., 2010). These NER
factors associate with RNA polymerase
II to activate transcription of these
genes by facilitating DNA demethylation
and modifying histones. Therefore, com-
ponents of the NER, including XPC,Elsevier Inc.function as coactivators of
RNA-polymerase-II-mediated
transcription by modifying
chromatin. A link between
pluripotency and chromatin
dynamics has been previ-
ously established, with sev-
eral studies indicating a role
for multiple chromatin modifi-
ers, such as SWI/SNF, Tip60,
and NuRD complexes, in
supporting pluripotent gene
transcription (Orkin and Ho-
chedlinger, 2011). Future
studies should reveal whether
the XPC trimeric coactiva-
tor complex also influences
chromatin in the context of
other known coactivators and
chromatin remodeling fac-
tors, a possibility that wouldfurther substantiate the link between
epigenetics and the maintenance and re-
establishment of the pluripotent state.
Although a complete picture of the mech-
anisms governing stem cell pluripotency
is still missing, in light of the findings pre-
sented by Fong and colleagues, at least
some of the pieces of this puzzle are
nicely falling into place.REFERENCES
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